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ABSTRACT
Because of their brightness, gamma-ray burst (GRB) afterglows are viable targets for investi-
gating the dust content in their host galaxies. Simple intrinsic spectral shapes of GRB after-
glows allow us to derive the dust extinction. Recently, the extinction data of GRB afterglows
are compiled up to redshift z = 6.3, in combination with hydrogen column densities and
metallicities. This data set enables us to investigate the relation between dust-to-gas ratio and
metallicity out to high redshift for a wide metallicity range. By applying our evolution models
of dust content in galaxies, we find that the dust-to-gas ratio derived from GRB afterglow ex-
tinction data are excessively high such that they can be explained with a fraction of gas-phase
metals condensed into dust (fin) ∼ 1, while theoretical calculations on dust formation in the
wind of asymptotic giant branch stars and in the ejecta of Type II supernovae suggest a much
more moderate condensation efficiency (fin ∼ 0.1). Efficient dust growth in dense clouds
has difficulty in explaining the excessive dust-to-gas ratio at metallicities Z/Z⊙ < ǫ, where
ǫ is the star formation efficiency of the dense clouds. However, if ǫ is as small as 0.01, the
dust-to-gas ratio at Z ∼ 10−2 Z⊙ can be explained with nH & 106 cm−3. Therefore, a dense
environment hosting dust growth is required to explain the large fraction of metals condensed
into dust, but such clouds should have low star formation efficiencies to avoid rapid metal
enrichment by stars.
Key words: dust, extinction — galaxies: evolution — galaxies: high-redshift — galaxies:
ISM — gamma-ray burst: general
1 INTRODUCTION
One of the important problems in astrophysics is the origin and evo-
lution of dust in the Universe, since various aspects of galaxy evo-
lution are significantly influenced by the optical and material prop-
erties and the total abundance of dust. For example, dust governs
the absorption, scattering, and reemission of the stellar light, af-
fecting the radiative transfer in the interstellar medium (ISM) (e.g.
Yajima, Umemura, & Mori 2012). Furthermore, the surface of dust
grains is the main site for the formation of some molecular species,
especially H2, which could affect the star formation properties of
galaxies (Hirashita & Ferrara 2002; Yamasawa et al. 2011). There-
fore, clarifying the origin and evolution of dust content is essential
for revealing how galaxies have evolved in the Universe.
It is widely believed that the scenario of the evolution of dust
content in galaxies comprises dust formation in stellar ejecta, dust
destruction in supernovae (SN) remnants, and grain growth by the
accretion of metals onto preexisting grains in molecular clouds (e.g.
⋆ E-mail: Raphaecaro@gmail.com
Dwek 1998; Hirashita 1999; Inoue 2003; Zhukovska et al. 2008;
Valiante et al. 2011; Mattsson & Andersen 2012). These processes
depend on the age and metallicity of galaxies. In particular, the
dominant mechanism of dust enrichment is suggested to switch
from the supply by the stellar ejecta to the accretion of metals at
a certain metallicity level (Inoue 2011; Asano et al. 2013).
For the purpose of acquiring the general trend of the evolution
of dust content in galaxies at different ages and metallicities, the
approaches using extinctions of bright sources of which the intrin-
sic spectra are well known, for example quasars (QSOs) and GRB
afterglows, are regarded as viable methods, since they are bright
enough to be detected even at high redshift. Quasars are usually
used to probe the foreground galaxies in absorption, while GRB
afterglows are often utilized to probe the ISM of their own host
galaxies.
Recently, Zafar & Watson (2013) compiled and analyzed
GRB afterglow data in a wide redshift range of z = 0.1 − 6.3.
By using the AV /NH [AV is the extinction at the V band (0.55
µm), and NH is the H I column density] ratio as an indicator of
dust-to-gas ratio, they show that the relation between dust-to-gas
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ratio and metallicity is on a natural extension of the local galaxy
sample, even at low metallicities down to Z ∼ 10−2 Z⊙ (Z is the
metallicity and Z⊙ is the solar metallicity). This indicates that the
fraction of metals condensed into dust is as high as the local galaxy
sample even at such a low metallicity. They did not find any sys-
tematic difference between the GRB sample and a QSO absorption
sample used as a comparison sample, rejecting the systematics of
the GRB sample relative to other samples. Therefore, they argue
that there is a close correspondence between dust formation and
metal formation; in other words, any delay between the formation
of metals and dust must be shorter than typically a few Myr [i.e. the
time-scale of metal enrichment by supernovae (SNe)]. They finally
propose two possibilities of dominant dust formation mechanisms
consistent with the close association between metals and dust: (i)
rapid dust enrichment by condensation in the ejecta of SNe; and (ii)
rapid grain growth by the accretion of gas-phase metals onto dust
grains in the ISM.
In this study, we utilize the GRB afterglow extinction data
to investigate the evolution of dust content in their host galaxies.
In particular, we judge if the above two possibilities (i) and (ii)
are theoretically supported or not, by applying a dust enrichment
model developed in our previous studies. Through this work, we
will be able to obtain or constrain some essential parameters for
dust enrichment, especially, the efficiencies of dust condensation
and growth.
This paper is organized as follows. In Section 2, we present
the observational data adopted. In Section 3, we overview our the-
oretical models used to interpret the data. In Sections 4 and 5, we
provide results and discussions, respectively. The conclusions are
given in Section 6. In this paper, we adopt Z⊙ = 0.02 for the solar
metallicity.
2 DATA
2.1 Extinction data of GRB afterglows
We adopt the extinction data of a sample of GRB afterglows (sim-
ply called GRBs hereafter) from Zafar & Watson (2013). They
collected data from the literature for GRBs on the basis that
they have: i) optical extinction estimates (derived from the X-
ray-to-optical/near-infrared spectral energy distribution fitting; see
Zafar et al. 2011, 2012, for the method), ii) Zn or S based metal
column densities (since they are rarely condensed into dust), and
iii) H I column density (wherever possible) measurements. In to-
tal, they compiled 25 GRBs with such available measurements. The
models are mainly constrained by the objects whose metallicity,
NH, and AV are all detected (AV is the rest-frame V -band extinc-
tion and NH is the H I column density of the GRB); that is, if only
an upper limit is obtained for either of those values, the data is ex-
cluded, and we are left with 9 GRBs.
Zafar & Watson (2013) compared the metals-to-dust ratios of
GRBs, QSO foreground damped Lyα systems (DLAs), and galaxy-
lensed QSOs to the value obtained in the Milky Way (MW), the
Large Magellanic Cloud (LMC), and the Small Magellanic Cloud
(SMC). They did not find any systematic difference between the
GRB, QSO-DLA, and lensed galaxies samples, rejecting the sys-
tematics of the GRB sample relative to other samples. Therefore,
for the uniformity of the sample, we concentrate on the GRB sam-
ple since inclusion of the QSO-DLA and galaxy-lensed QSO sam-
ples do not affect our conclusion. We refer to Vladilo (2004) for a
detailed analysis of the dust evolution in DLAs.
In this paper, we focus on the relation between dust-to-gas
mass ratio D and metallicity Z (called D − Z relation). To con-
vert AV /NH, which is used as an indicator of dust-to-gas ratio by
Zafar & Watson (2013), to D, we apply the formula explained in
the next subsection. The information about extinction curve of each
individual GRB is collected from the references provided in Table 1
of Zafar & Watson (2013).
2.2 Dust-to-gas ratio
In order to obtain the dust-to-gas ratioD from the extinction data in
GRBs, we refer to the approaches established by Pei (1992). In this
paper, we only consider H I for the hydrogen content, and neglect
the contribution from molecular hydrogen H2 and ionized hydro-
gen H II. Ionized hydrogen is unlikely to contribute largely to the
total hydrogen mass (Spitzer 1978), while H2 may have a large
contribution. However, in nearby low-metallicity dwarf galaxies,
molecular gas traced by CO is rarely detected, although it is not
clear whether it is due to a real lack of H2 or a different conversion
factor (C may be in the form of C II rather than CO; e.g. Madden
2000). Because of such an uncertainty in H2, we neglect the con-
tribution from H2. Below we briefly review the conversion formula
from AV /NH toD. See Pei (1992) for details.
The dust-to-hydrogen mass ratio is proportional to the extinc-
tion optical depth divided by NH (in units of cm−2) as
ρdust/ρH ≡ χ · 10
21(τB/NH), (1)
where ρdust and ρH are the mass densities of dust and hydrogen, re-
spectively, χ is a constant depending both on the optical and mate-
rial properties of dust grains, and τB is the extinction optical depth
at the B-band (0.44 µm). Using equation (1) and converting τλ
(extinction optical depth at wavelength λ) into Aλ (extinction at
λ in units of magnitude), we obtain the following estimate for the
dust-to-gas mass ratio, D:
D ≡
ρdust
ρgas
=
1021
1.4
ln 10
2.5
(
1 +RV
RV
)
χ
(
AV
NH
)
≡ Λ
(
AV
NH
)
,
(2)
where ρgas = 1.4ρH (the factor 1.4 comes from the correction for
elements other than hydrogen), RV ≡ AV /(AB−AV ) is the ratio
of total-to-selective extinction, and Λ is referred to as the convert-
ing factor. By using the numerical values in Pei (1992), we obtain
Λ = 1.13 × 1019, 1.56 × 1019, and 2.03 × 1019 cm−2 mag−1
for the MW, LMC, and SMC extinction curves, respectively. We
choose one of these three values for each object according to the
extinction curve adopted by Zafar & Watson (2013) (see their Ta-
ble 1).
2.3 Nearby galaxy data
Since the dust evolution models have often been ‘calibrated’ with
nearby galaxy data (e.g. Lisenfeld & Ferrara 1998; Dwek 1998;
Hirashita 1999), it would be interesting to examine if there is a dif-
ference in theD−Z relation between the GRB sample and nearby
galaxies. For the uniformity of data, we select the samples compiled
by Hirashita & Kuo (2011) (see the references therein for original
data), who construct the sample based on an AKARI sample: eight
blue compact dwarf galaxies (BCDs) and three spiral galaxies. Note
that the dust content is measured by far-infrared emission, not by
extinction. We also include two spiral galaxies whose dust content
c© 2013 RAS, MNRAS 000, 1–7
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is measured by extinction to confirm that there is no systematic dif-
ference in the estimate of dust content. More data are seen in e.g.
Engelbracht et al. (2008): the addition of such a data set only makes
the plots dense without changing the trend in the D − Z relation.
3 MODELS
3.1 Dust enrichment
For the purpose of investigating the evolution of dust content in a
galaxy, a chemical enrichment model which describes the time evo-
lution of gas, metals, and dust in a galaxy is adopted. We apply a
simple model used by Hirashita & Kuo (2011). The simplicity of
the model is the advantage for our purpose of seeing the response
of the D − Z relation to dust formation and destruction processes.
We suppose the galaxy to be a closed box; that is, we neglect inflow
and outflow. The effects of inflow and outflow have only a minor
effect on the D − Z relation (Asano et al. 2013). We also assume
that the mixing of substances in galaxies is immediate and complete
such that the system is treated as a one-zone environment. To make
the problem analytically tractable (without losing the essence), we
adopt an instantaneous recycling approximation, in which we as-
sume that stars whose lifetimes are shorter than 5 Gyr return the
gas soon after their formation. This means that we do not divide the
metal and dust production by SNe and AGB stars for simplicity. In-
stead, we separately discuss the contributions from SNe and AGB
stars in details when we interpret the results (Section 5.1). Similar
kinds of analytical models are also adopted and successfully catch
the essential features in the relation between dust-to-gas ratio and
metallicity (Lisenfeld & Ferrara 1998; Hirashita 1999; Inoue 2003,
2011; Mattsson & Andersen 2012; Mattsson et al. 2013). For the
analytic solutions and asymptotic behaviours of the models, we re-
fer to Inoue (2011) and Mattsson et al. (2013).
The model equations are finally reduced to the relation be-
tween D and Z (Hirashita & Kuo 2011), since the abundances of
metals and dust are tightly connected:
Y
dD
dZ
= fin(RZ + Y)− (βSN +R)D +
1
ψ
[
dMdust
dt
]
acc
, (3)
where R is the returned fraction of the mass from formed stars, Y
is the mass fraction of metals that is newly produced and ejected
by stars, fin is the condensation efficiency of metals into dust in
stellar ejecta (fin = 1 means that all the metals are condensed into
dust), ψ is the star formation rate, [dMdust/dt]acc is the rate of
increase of dust mass by the accretion of metals onto preexisting
grains (this term is formulated separately in Section 3.2), and βSN
is the efficiency of destruction of dust by shocks in SN remnants,
which is defined by βSN = ǫsMsγ/ψ, with ǫs being the fraction of
dust destroyed in a single SN blast, Ms being the gas mass swept
per SN blast, and γ being the SN rate, as introduced by McKee
(1989). Following Hirashita & Kuo (2011), we adopt R = 0.25
and Y = 0.013 throughout this paper, and βSN = 9.65 unless
otherwise stated.
3.2 Grain growth by the accretion of metals onto preexisting
grains
We adopt the formulation developed by Hirashita & Kuo (2011) for
the increasing rate of dust mass by the accretion of metals onto
preexisting grains (called grain growth hereafter):[
dMdust
dt
]
acc
=
βDψ
ǫ
, (4)
where ǫ is the star formation efficiency in molecular clouds (as-
sumed to be 0.1 unless otherwise stated), and β is the increment of
dust mass in molecular clouds, which can be estimated as
β ≃
[
〈a3〉0
3y〈a2〉0 + 3y2〈a〉0 + y3
+
1− ξ
ξ
]
−1
, (5)
where ξ ≡ 1−D/Z is the fraction of metals in gas phase, 〈aℓ〉0 is
the ℓth moment of grain radius (we adopt 〈a〉 = 1.67 × 10−3 µm,
〈a2〉 = 4.68 × 10−6 µm2, and 〈a3〉 = 7.41 × 10−8 µm3 based
on a grain size distribution with power index −3.5 and lower and
upper limits for the grain radius 0.001 and 0.25 µm, respectively;
Mathis, Rumpl, & Nordsieck 1977) and y ≡ a0ξτcl/τ , with a0 =
0.1 µm being an arbitrarily given typical radius of dust grains, τcl
being the lifetime of molecular clouds, and τ being the typical time-
scale of grain growth. The typical time-scale of grain growth, τ , is
given below in equation (6). Note that equation (4) is derived by
assuming that grain growth occurs in dense molecular clouds which
also host star formation. This is why the star formation efficiency
enters grain growth. Since the rate of grain growth depends on the
grain size distribution, β depends on the moments of grain radius
as shown in equation (5). The factor (1− ξ) indicates that the dust
mass increases with a larger fraction if a larger part of metals are in
the gas phase, and thus the term, (1−ξ)/ξ, expresses the saturation
grain growth for ξ → 1.
We adopt the following expression for τ (Hirashita & Kuo
2011, Eq. 23, applicable for silicate):
τ = 6.3 × 107
(
Z
Z⊙
)
−1
a0.1n
−1
3 T
−1/2
50 S
−1
0.3 yr, (6)
where a0.1 ≡ a0/(0.1 µm), n3 ≡ nH/(103 cm−3) (nH is the
number density of hydrogen nuclei), T50 ≡ Tgas/(50 K) (Tgas is
the gas temperature), and S0.3 ≡ S/0.3 (S is the sticking proba-
bility of the dust-composing material onto the preexisting grains.
We use the same values as in Hirashita & Kuo (2011); i.e. a0 =
0.1 µm, nH = 10
3 cm−3, Tgas = 50 K, and S = 0.3 unless other-
wise stated. A similar time-scale is obtained for carbonaceous dust
mainly because silicate and carbonaceous dust have similar total
abundances of dust-composing materials (Hirashita & Kuo 2011,
Eq. 24) Thus, we simply use equation (6) for τ in this paper.
By using equation (4), equation (3) can be restated as
Y
dD
dZ
= fin(RZ + Y)−
(
βSN +R−
β
ǫ
)
D. (7)
We solve this equation to obtain the D − Z relation.
4 RESULTS
4.1 Overall behaviour of the D − Z relation
TheD−Z relations calculated by our models above are shown for
various values of fin and βSN in Fig. 1. The overall behaviour of
the D − Z relation predicted by the model has already been de-
scribed in Hirashita & Kuo (2011). We briefly summarize it here.
In low metallicity environments, the dust is simply supplied from
the dust condensation in stellar ejecta, which results in an approx-
imately linear relation, D ∼ finZ. Afterwards, when the dust-to-
gas ratio D reaches a value about finY/βSN, dust destruction in
SNe remnants suppresses the increase of the dust, and the D − Z
relation becomes flatter at this stage. Ultimately, in high metallic-
ity environments, the dust-to-gas ratioD increases sharply because
c© 2013 RAS, MNRAS 000, 1–7
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Figure 1. Relation between the dust-to-gas ratio D and metallicity Z . The squares, diamonds, and circles represent the GRB sample data whose dust-to-gas
ratios are derived by using SMC, LMC, and MW extinction curves, respectively (Zafar & Watson 2013). The dashed, solid, and dotted lines indicate the
evolution of dust content with fin (the dust condensation efficiency of the metals in the stellar ejecta) equal to 0.01, 0.1, and 1, respectively. The thick lines are
for βSN (the dust destruction factor by SN) equal to 9.65, while the thin ones are with βSN = 19.3. For comparison, the nearby galaxy data are also shown,
the crosses and triangles representing the blue compact dwarf galaxies and the spiral galaxies, respectively. Panel (a) presents data points with all detected
AV , NH, and metallicity, while Panel (b) presents all the data points, with arrows indicating upper or lower limits.
of the nonlinear increase in dust content through grain growth, i.e.
dD/dZ ∝ DZ.
4.2 Comparison with GRB afterglows
For GRBs, we first adopt merely 9 data points with both detected
[AV /NH] and metallicity. As shown in Fig. 1, it is obvious that
some data points at low metallicities can just be explained with
fin ∼ 1, which indicates an extremely efficient condensation of
metals into dust in stellar ejecta. The possibility of such a high fin
is further discussed in terms of theoretical calculations of dust pro-
duction in stellar ejecta in the literature (Section 5.1).
We also show the dependence on βSN by fixing fin = 1. In
Fig. 1a, we show the cases with βSN = 9.65 (standard value) and
19.3 (two-times efficient dust destruction). We observe that the dif-
ference appears around 0.01–0.1 Z⊙; since the dust destruction rate
is proportional to the dust-to-gas ratio, it is negligible compared
with the dust formation in stellar ejecta at low metallicities (. 0.01
Z⊙) (Yamasawa et al. 2011). At Z > 0.1 Z⊙, grain growth be-
comes efficient. Therefore, the scatter of D around 0.01–0.1 Z⊙
can be interpreted as different destruction efficiencies. However,
we should note that this interpretation is only possible for fin ∼ 1:
if fin ≪ 1, the inclusion of efficient SN shock destruction makes
it difficult to explain the objects with relatively large D around
Z ∼ 0.1 Z⊙.
Grain growth can raise D. The effect of grain growth appears
in Fig. 1a as a rapid increase of D around Z ∼ 0.1–1 Z⊙. Grain
growth is prominent only for fin ≪ 1, since most of the metals are
already in dust grains for fin ∼ 1. However, grain growth has dif-
ficulty in explaining the high dust-to-gas ratios in low-metallicity
objects since grain growth becomes effective only when the ISM is
significantly enriched with metals (e.g. Asano et al. 2013).
In Fig. 1b, we also show the same results including data with
upper and lower limits. Two data around Z ∼ 0.02–0.03 Z⊙ with
upper limits for D can be explained by moderate condensation ef-
ficiencies with fin < 1, so there could be some variation in fin.
Other than those data points, the upper/lower limit data do not con-
strain the model parameters more severely than the 9 data points
with detections. Thus, we hereafter focus on the 9 data points with
detection in our analysis.
As shown in Fig. 1, the lines with fin ∼ 0.1 is consistent
with the D − Z relation of the nearby sample. The steep rise of D
around Z ∼ 0.1 Z⊙ is due to grain growth. It is noteworthy that
grain growth is required to explain the steep trend of dust-to-gas
ratio relative to metallicity in BCDs and the relatively high dust-
to-gas ratio of spiral galaxies. We also observe in Fig. 1 that, at
any metallicity, the dust-to-gas ratios for GRBs are overall higher
than those of BCDs or spiral galaxies. Therefore, it appears that
there is a tension between the fin value of GRBs and that of nearby
galaxies.
Summarizing the results, the GRB data can be explained with
fin ∼ 1, which is significantly larger than the value fitting the
nearby galaxies (fin ∼ 0.1). In the next section, we discuss (i)
the value of fin suggested by dust condensation models in stellar
ejecta; (ii) alternative explanations; and (iii) possible observational
reasons for the tension between the GRB sample and the nearby
galaxy sample.
5 DISCUSSION
5.1 Condensation efficiency dust in stellar ejecta
To discuss the reasonable range for the value of fin, we refer to the
data compiled by Inoue (2011) for theoretical calculations on dust
formation in the wind of AGB stars by Zhukovska, Gail, & Trieloff
c© 2013 RAS, MNRAS 000, 1–7
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Figure 2. Ejected dust mass fraction md/m as a function of the stellar
mass at the zero-age main sequence. For AGB dust, the data of the square
points are taken from Zhukovska et al. (2008) with metallicity Z = 0.008,
and the data of the diamond points are taken from Ventura et al. (2012)
with metallicity Z = 0.008. For SN dust, the data of the round points
are from top to bottom in sequence with hydrogen density nH = 0.1, 1,
and 10 cm−3 for mixed helium cores, and the data of the triangular points
are from top to bottom in sequence with hydrogen density nH = 0.1, 1,
and 10 cm−3 for unmixed helium cores, both taken from Nozawa et al.
(2007). The three parallel black skew lines indicate the double power-law
approximations for the ejected dust mass fraction rate provided by Inoue
(2011), with condensation efficiencies of metals into dust in stellar ejecta
fin = 1, 0.1, and 0.01, from the upper to the lower lines, respectively.
(2008), and on dust formation in SN ejecta by Nozawa et al. (2007).
We add additional data for the dust formation in AGB stars calcu-
lated by Ventura et al. (2012). Bianchi & Schneider (2007)’s mod-
els for the dust formation in SN ejecta are located in the range
consistent with Nozawa et al. (2007)’s results. For Nozawa et al.
(2007)’s models, we adopt ambient hydrogen number densities of
0.1, 1, and 10 cm−3 since more dust is destroyed (so less dust is
ejected) in high-density environments. The relation between the
progenitor stellar mass m at the zero-age main sequence and the
dust mass produced md is shown in Fig. 2 (md is normalized to
m). In order to constrain fin from the plot, we need to assume the
total metal mass ejected from a star, mZ . We follow Inoue (2011)
for the relation between mZ/m and m:
mZ
m
=
{
0 (m > 40 M⊙),
0.02 (m/8 M⊙)
2 (8 M⊙ 6 m 6 40 M⊙),
0.02 (m/8 M⊙)
0.7 (m < 8 M⊙).
(8)
Fig. 2 shows the lines formd = finmZ for various fin. We find that
fin ∼ 0.1 is supported on average while fin = 1 is far above all the
predictions. Thus, such an extremely high condensation efficiency
as fin ∼ 1 as suggested by the data points of GRBs (Section 4.2)
is somewhat excessive. It is interesting that fin = 0.1 is consistent
with the nearby galaxy data in Fig. 1.
5.2 Grain growth
It is worth searching for an alternative solution that can explain the
high dust-to-gas ratios of the GRB sample. Here, we try to explain
the data with extremely efficient grain growth by adopting a mod-
erate fin ∼ 0.1. An efficient grain growth is equivalent to a short
τ , which can be reasonably realized by a high nH (equation 6). In
Fig. 3a, we show the D − Z relation for nH = 103, 104, 105, and
106 cm−3. The enhanced grain growth actually explain the data
points around Z = 0.1 Z⊙; however, the excessively large dust
content of some data points at low metallicities (Z < 0.1 Z⊙) is
still not reproduced. This is because the grain growth time-scale is
typically longer than the metal enrichment time-scale at such low
metallicities as estimated below.
Let us compare the metal enrichment time-scale and the grain
growth time-scale. After a significant gas consumption, the metal-
licity becomes roughly solar (e.g. Tinsley 1980). Therefore, the
metal enrichment time-scale to a metallicity level of Z is es-
timated as τZ ∼ (Mgas/ψ)(Z/Z⊙), where Mgas is the gas
mass. The grain growth time-scale is, on the other hand, τgrow ∼
Mdust/[dMdust/dt]acc = ǫMgas/(βψ) = ǫτZ(Z⊙/Z)/β. At
the metallicity level where grain growth becomes the dominant
dust-producing mechanism, β ∼ 1 (Hirashita & Kuo 2011). Thus,
τZ < τgrow for Z/Z⊙ < ǫ, which indicates that the metal enrich-
ment occurs faster than the grain growth at Z < 0.1 Z⊙ if ǫ = 0.1
as adopted above. In other words, grain growth cannot affect the
dust-to-gas ratio by the time when the system is enriched with met-
als up to 0.1 Z⊙, as long as we adopt ǫ = 0.1 derived from nearby
molecular clouds (e.g. Lada, Lombardi, & Alves 2010).
The above arguments suggest that grain growth becomes effi-
cient at even lower metallicities if we adopt smaller ǫ. In Fig. 3b,
we show the results for ǫ = 0.01. We observe that, considering
denser gas and less efficient star formation, we can reproduce the
data points at Z < 0.1 Z⊙. This is because low star formation ef-
ficiency allows grains to grow within the metal enrichment time-
scale, which is inversely proportional to the star formation effi-
ciency. Thus, it appears that the only way to explain the dust-to-
gas ratio in the GRB sample at Z < 0.1 Z⊙ is to impose a low
star formation efficiency (or equivalently to slow the metal enrich-
ment). This implies the difference between nearby galaxies and the
host galaxies of GRBs in terms of the star formation efficiency in
dense clouds, although the physical mechanism of producing such
a difference is not clear. Alternatively, the GRB sample is biased
to objects with low star formation efficiencies, as discussed in the
next subsection.
In summary, slow metal enrichment because of low star for-
mation efficiency enable grain growth to occur within the metal
enrichment time-scale even at low metallicities, so that most of the
metals can be condensed into dust by grain growth. Therefore, the
combination of a low star formation efficiency and an enhanced
grain growth by a high density can explain the data points at low
metallicities.
5.3 Comparison with the nearby galaxy sample
As shown in Fig. 1, the dust-to-gas ratios in GRBs are systemati-
cally larger than those of nearby galaxies. According to the argu-
ment in the previous subsection, a possible interpretation is that
GRB host galaxies have smaller star formation efficiencies than
nearby galaxies. Probably, the nearby galaxy sample is biased to
star-forming objects, which are by definition forming stars actively.
On the other hand, we tend to choose gas-rich galaxies by a GRB,
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Figure 3. Same as Fig. 1, but the solid, dashed, dotted, and dot-dashed lines indicate the results with nH = 103, 104 , 105, and 106 cm−3, respectively, and
all with fin = 0.1. Panels (a) and (b) present the results with ǫ (the star formation efficiency) = 0.1 and 0.01, respectively.
since we sample objects whose absorption by the ISM in the host
galaxy is significantly detected. Therefore, GRBs also potentially
include quiescent galaxies whose star formation efficiency is not
large.
Zafar & Watson (2013) point out that in estimating the dust-
to-gas ratio in nearby dwarf galaxies, we have to take into account
the fact that the entire H I gas is clearly more extended than the
dust emission. Indeed, Draine et al. (2007) show that, if we con-
sider only the regions over which the dust emission is detected,
a substantial fraction of interstellar dust-composing materials ap-
pears to be contained in dust. The dust mass estimate itself may
also be changed: Galametz et al. (2011) show that the addition of
submillimetre data results in higher dust masses than without sub-
millimetre data. These two effects tend to make the difference in the
dust-to-gas ratio between the nearby galaxy sample and the GRB
sample smaller.
It is worth noting that the dust-to-metals ratios of the GRB
sample is almost the same as that of the Milky Way, as pointed
out by Zafar & Watson (2013). Mattsson et al. (2013) have recently
shown by using an analytic model that such a ‘constant dust-to-
metals ratio’ can be understood as the result of a balance between
destruction and growth of grains in the ISM. In particular, they
show that, if we consider a certain balance between grain growth
and destruction, a constant dust-to-metals ratio may naturally be
obtained as an asymptotic solution; i.e. the system tends to con-
verge to a constant dust-to-metals ratio. This suggests a ‘unified
model’ may be constructed, which can explain both the GRB sam-
ple and other data without a lot of parametric fine tuning. However,
the importance of grain growth is a common feature between our
model and theirs, although we did not focus on dust destruction.
6 CONCLUSION
The dust-to-gas ratios derived from GRB afterglow extinction data
are excessively high such that they can be explained with an ex-
tremely efficient condensation of metals into dust in stellar ejecta,
while theoretical calculations on dust formation in the wind of AGB
stars and in the ejecta of SNe suggest much more moderate conden-
sation efficiencies. We alternatively adopt a moderate condensation
efficiency and a more efficient grain growth in dense clouds. Even
with efficient grain growth, the excessive dust-to-gas ratio can only
be explained if we assume a low star formation efficiency, which
is equivalent with slow metal enrichment. Therefore, some GRB
host galaxies in which most of the dust-composing metals are con-
densed into dust can be explained with enhanced grain growth in
dense clouds, whose time-scale should be shorter than the metal
enrichment time-scale (or equivalently the star formation efficiency
in dense clouds is as small as . 0.01).
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